Collapse models describe phenomenologically the quantum-to-classical transition by adding suitable nonlinear and stochastic terms to the Schrödinger equation, thus (slightly) modifying the dynamics of quantum systems. Experimental bounds on the collapse parameters have been derived from various experiments involving a plethora of different systems, from single atoms to gravitational wave detectors. Here, we give a comprehensive treatment of the Continuous Spontaneous Localization (CSL) model, the most studied among collapse models, for Fermi liquids. We consider both the white and non-white noise case. Application to various astrophysical sources is presented.
I. INTRODUCTION
Collapse models provide a phenomenological description of quantum measurements, by adding stochastic and non-linear terms to the Schrödinger equation, which implement the collapse of the wave function [1] . Such effects are negligible for microscopic systems, and become stronger when their mass increases. This is how the quantum-to-classical transition is described.
The most studied model is the Continuous Spontaneous Localization (CSL) model [2, 3] , where the collapse effects are quantified by two parameters: the collapse rate λ, and the correlation length of the noise r C . Different theoretical proposals for their numerical value were suggested: λ = 10 −16 s −1 and r C = 10 −7 m by Ghirardi, Rimini and Weber [4] ; λ = 10 −8±2 s −1 for r C = 10 −7 m, and λ = 10 −6±2 s −1 for r C = 10 −6 m by Adler [5] . Experimental data were extensively used to bound the parameters [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and new proposals were presented, suggesting how to further push these bounds [24] [25] [26] [27] [28] [29] [30] [31] . Fig. 1 summarizes the state of the art.
A consequence of collapse models is a spontaneous heating, induced by the random collapse. This effect has been calculated for many types of systems [13, 14, 16-19, 23, 24] , but not for Fermi liquids, an issue raised in a recent paper of Tilloy and Stace [32] . Here, we give a comprehensive treatment of CSL induced heating in Fermi liquids, including the experimentally relevant case of non-white noise, and apply our results to various astrophysical systems, including neutron stars.
II. CSL MODEL -PERTURBATIVE CALCULATION
Following [23] , we consider the transition amplitude c f i (t) caused by a perturbation, from an initial state |i * Electronic address: matteo.carlesso@ts.infn.it of a quantum system to a final state |f , with associated energies E i = ω i and E f = ω f respectively. For the sake of simplicity we restrict the problem to the case of one particle of mass m A . The result for the N particle case is given in Appendix A. We have:
whereĤ 0 is the free Hamiltonian and the perturbation, for the CSL process applied to a particle of mass m A , is [23] :V (t) = dz w t (z)V(z),
where m 0 is the nucleon mass, w t (z) is a noise with zero mean (E[w t (z)] = 0) and correlator:
where γ(ω) = γ(−ω) is the frequency-dependent collapse strength. We denoted withx A the position operator of the particle, and:
We assume that the particle is free and confined in a box of side L; the initial and final states read:
We then have: where ω f i = ω f − ω i and k i , k f are the initial and final momenta of the particle, respectively. The transition probability, under stochastic average, is then given by
where we used the relations:
We now apply Eq. (7) to the system under study, i.e. a particle in a Fermi gas. The heating power P CSL (t) = dE TOT (t)/ dt reads:
where N (k i ) is the probability of the initial state having momentum k i , and (1 − N (k f )) is the probability for the final state with momentum k f not to be occupied, otherwise the particle could not jump there because of the Pauli exclusion principle. Since N (k i )N (k f ) and E[|c f i | 2 ] are even, whereas ω f i is odd, under the interchange i ↔ f , the term containing N (k i )N (k f ) makes a vanishing contribution to Eq. (9). The above expression then simplifies to
Using the standard box-normalization prescription, according to which in the limit L → +∞:
one obtains
which in the long time limit reads
whereω
In the white noise case, where γ(ω) = γ, the integration over q can be easily performed, giving:
where we used γ = λ( √ 4πr C ) 3 and i N (k i ) = 1. For the N atom case, the calculation of Appendix A shows that m A in Eq. (15) is replaced by the total mass M = N m A . This is the same result obtained from the study of phononic modes in matter [23, 33, 34] .
III. NEUTRON STARS
Neutron stars are small (radius ∼ 10 km) and dense (mass M ∼ 1.4 − 4.2 × 10 30 kg and density µ ∼ 10 17 kg/m 3 ), resulting from the collapsed cores of stars with mass above the Chandrasekhar limit [35] . After a first stage next to their formation, where they cool through emission of baryonic matter, the main cooling process is dominated by thermal emission of radiation [36, 37] , which is described by the Stefan-Boltzmann law:
where S is the surface of the neutron star, σ = 5.6 × 10 −8 W m −2 K −4 is the Stefan's constant and T is the effective black-body temperature of the star. As a reference value for the temperature we can consider T = 0.28
+0.19
−0.12 × 10 6 K, which refers to the neutron star PSR J 1840-1419 [38] . The radius is R = 10 km and the mass M = 2 × 10 30 kg, equal to the solar mass, giving a density µ = 4.8 × 10 17 kg/m 3 . Variation of R and M , for typical dimensions of a neutron star, do not imply significant changes in the bounds on the CSL parameters.
IV. RESULTS AND DISCUSSION
Assuming that the neutron star's thermal radiation emission is balanced by the heating effect due to the CSL noise, we impose P rad = P CSL . This gives an estimate of collapse rate: the orange region comes from cold atom experiment [14, 39] ; the green region from phonon analysis in cryogenic experiments [23, 34, 40] ; the blue region from x-ray emission from germanium [7, 11, 12, 21, 41] ; the purple region from mechanical cantilever [16, 19] ; the pink region from LISA Pathfinder [17, 24, 42, 43] ; the grey region from theoretical arguments [20, 22] .
where we assumed that the neutron star can be approximated by a sphere of radius R. The corresponding upper bound is shown in red in Fig. 1 . It is interesting to apply Eq. (17) to other objects in the Universe. Table I shows the values of the ratio P rad /M and the corresponding value of λ/r 2 C for the planets in the Solar system, the Moon, the Sun and, as a comparison, that of the neutron star PSR J 1840-1419 analized above. Numbers show that Neptune gives the best ratio λ/r 2 C , which is more than 4 orders smaller than the neutron star's one. The corresponding upper bound is identified by continuous blue line in Fig. 1 . These bounds are weaker than the already existing bounds, and are further weakened if one assumes a high-frequency cut off in the noise spectrum following the methods of [23, [44] [45] [46] [47] , or dissipative modification of the CSL model as shown in [14, 20, 48, 49] . 9.43 × 10
whose mean and correlator are:
where E denotes the stochastic average over the noise and
The relation between the operatorΨ σj (x, t) andb pτ i (t) is given byΨ
with ψ pσj (x) denoting the Fourier coefficients of the transformation, spin τ and of momentum p. Below we specify the exact form of ψ pσj (x). The evolution ofb pτ i (t) is determined by the Heisenberg equation
The solution is:
Sinceb kτ j (s) appears also in the last term, we need to solve perturbatively. We replaceb kτ j (s) with the corresponding form given again by Eq. (A8), and truncate the expression to order γ:
whereÂ pτ j (t) = e − i Epτj tb pτ j (0),
Due to the properties of the stochastic noise, Eq. (A5), the last term can be simplified to:
Given these expressions, we can compute the evolution of the energy expectation value, which is given by
Due to the stochastic properties in Eq. (A5), we have E[V CSL ] = 0, therefore onlyĤ 0 contributes to E TOT (t).
In particular
where
where H.C. stands for hermitian conjugate. We notice that there is no contribution from terms likeÂ where we substituted γ = λ(2 √ πr C ) 3 . So far the result is general. We now apply it to the case of interest, i.e. N particles in a cube box of length L. We apply the periodic boundary conditions and the box-normalization prescription
where n τ i ∈ Z 3 . The wavefunctions
In the L → +∞ limit (so that space-integrals extend over the whole space and can be performed exactly) we have 
The CSL heating power P CSL = 
By taking E kτ i = 2 k 2 /(2m i ) we find 
By merging with Eq. (A21) we have:
since that τ p N (p) gives the number of particle of type i.
